Abstract: Electron and laser confocal microscopy were used to analyze the adaptive cytochemical features of the olfactory epithelium in three genetically close deep-water Cottoidei species endemic to Lake Baikal − golomyanka (Baikal oilfish) Comephorus baicalensis, longfin Baikal sculpin Cottocomephorus inermis and fat sculpin Batrachocottus nikolskii − whose foraging strategies are realized under different hydrostatic pressure regimes. Hypobaric hypoxia that developed in B. nikolskii (a deep-water benthic species) upon delivery to the surface caused distinct destructive changes in cells of the olfactory epithelium. In C. baicalensis and C. inermis, whose foraging behavior involves daily vertical migrations between deep and shallow layers, these cells are characterized by a significantly higher structural and functional stability than in deep-water B. nikolskii. The results of morphological study and quantitative analysis of functionally active mitochondria in cells of the olfactory epithelium of closely related deep-water fish species with different modes of life provide evidence that tolerance of the olfactory apparatus to hypobaric hypoxia is different in pelagic and benthic species. These results help elucidate the mechanisms responsible for the consistent functioning of the olfactory system in animals evolutionarily adapted to extreme environmental factors, and provide theoretical and practical implications in different fields of biology, neurology and extreme medicine.
INTRODUCTION
Analysis of the processes involved in the perception of biologically significant olfactory signals is one of the key areas of interest in modern neurobiology and medicine [1, 2] . In particular, this concerns the mechanisms of olfactory receptor cell functioning, not only in environments with different chemical characteristics but also under conditions of exposure to a wide range of hydrostatic pressures. Such studies are especially relevant in certain hydrobionts, which, in the course of evolution, have adapted to living under different hydrostatic pressure regimes. To date, numerous studies have been published dealing with the structural and functional organization of the olfactory system in fishes from different taxonomic groups and with different behavioral patterns [3] [4] [5] [6] . However, deep-water species usually outlie the scope of relevant publications because of difficulties in catching them. Hence, data on the level of development of morphofunctional systems in such species are scarce [7] [8] [9] , and those on the olfactory system are usually limited to general anatomical characteristics [10, 11] . This study is devoted to analysis of the peripheral olfactory apparatus in genetically close sculpins (Cottoidei), endemic to Lake Baikal, which, in the course of evolution, have occupied separate ecological niches at different depths and developed distinct behavioral strategies. The evolutionary kinship of these species has been confirmed in comparative morphological and genetic studies [12, 13] . In addition to electron microscopy, we have used cytochemical methods to analyze cellular elements of the sensory epithelium for the level of structural and functional integrity of mitochondria, which are known to be most vulnerable to hypoxia [14] . Studies on the olfactory system of animals living under extreme deep-water conditions will help to gain an insight into the cytological and molecular mechanisms allowing them to acquire tolerance to hypoxia and, consequently, to maintain the pattern of chemosensory behavior under variable hydrostatic pressure regimes.
Because of major technical difficulties in collecting biological material from large depths, we could analyze tissues of the olfactory apparatus only after the fish were delivered to the surface. Obviously, cells of the olfactory epithelium in these fish could be damaged due to hypobaric hypoxia developing upon the rapid transfer to a low-pressure environment [15] . Under such conditions, the adaptive properties of the olfactory system in deep-water fish species could be evaluated from different aspects: we could compare the degrees of intracellular lesions resulting from depressurization in fishes with different modes of life and, on the other hand, reveal the most stable ultrastructural characteristics of olfactory cells that have adaptive significance for deep-water fishes in their natural environment. In our opinion, such characteristics should remain largely unchanged upon depressurization.
MATERIALS AND METHODS

Animals
The study was performed on three species of deepwater Baikal sculpins: the golomyanka (Baikal oilfish) Comephorus baicalensis (Pallas, 1776), longfin Baikal sculpin Cottocomephorus inermis (Jakowlew, 1890), and fat sculpin Batrachocottus nikolskii (Berg, 1900) . Comephorus baicalensis (Fig. 1a) is a bladderless pelagic species that does not form schools and prefers depths from 100 to 750 m but also occurs in the bottom water layer (to depths of about 1600 m). These fish usually ascend to the upper water layers only at night, following the movements of their preferred prey (pelagic amphipods Macrohectopus branickii and larvae of their own species and Comephorus dybowski), and descend again during the day. Thus, C. baicalensis performs daily vertical migrations and is exposed to a wide range of hydrostatic pressures. Cottocomephorus inermis (Fig. 2a) is a bladderless benthopelagic species that occurs at depths of 10-15 to 1000 m and can also move between water layers with different hydrostatic pressures during the day. In summer, these fish live separately at depth of 300-1000 m; in winter they perform foraging migrations, rising to a 50-m water layer. The diet of C. inermis is similar to that of C. baicalensis and consists mainly of Macrohectopus amphipods and larvae of pelagic Cottoidei. Batrachocottus nikolskii (Fig. 3a) is a deep-water benthic species inhabiting mud-stone bottom areas at depths of 100-200 to more than 1500 m in the open-water zone of Baikal. Due to neutral buoyancy, B. nikolskii can swim up from the bottom and feed on pelagic fish, but its main prey are benthic amphipods and sculpins [13] . All manipulations with fish were carried out in compliance with the Helsinki Declaration of the World Medical Association (2000) and the EEC Directive 86/609 ЕЕС (1986) on the protection and welfare of experimental animals. All experimental procedures were approved by the Bioethics Committee at the Scientific Council of the Department of Biology at Irkutsk State University 30.11.2007 year (Permit Number 3).
Sampling
Microscopic and cytochemical analysis of olfactory rosettes was performed in three Baikal sculpins (C. baicalensis, C. inermis and B. nikolskii) occurring down to 1640 m (the maximum depth of the lake). One specimen of B. nikolskii was caught in July 2009 from aboard the MIR-2 manned submersible at the bottom off the Svyatoi Nos Peninsula (depth 1140 m) and delivered to the surface during the following 5 h. The olfactory epithelium of this fish was analyzed by transmission electron microscopy. Other specimens of all three species were caught in southern Baikal at depths of 220-260 m with nets set under the ice in March-April 2008-2014. Their delivery to the surface took 30 min. Ten specimens of each species were analyzed by methods of electron and laser confocal microscopy ( Table 1) . 
RESULTS
The structure of olfactory rosettes is similar in all three species of Baikal sculpins: they consist of 5-6 folds (lamellae) lined on both sides with the receptor (chemosensory) epithelium, except for the non-sensory epithelium at their margins. As in other vertebrates, the chemosensory epithelium consists of three basic cell types: receptor, supporting and basal. The olfactory epithelium of Baikal sculpins includes receptor neurons of ciliated and microvillar types, the former prevailing in number.
Comephorus baicalensis
The cytoplasm of supporting cells was electron dense and the intracellular components were poorly visible. The ultrastructural characteristics of receptor cells were indicative of low functional activity. Many of them had an electron-lucent light cytoplasmic matrix with sparse organelles and, hence, clearly stood out against the background of electron-dense supporting cells. The perinuclear space in some olfactory neurons was expanded all over the perimeter, which was a symptom of degenerative changes in the cell. The Golgi apparatus in the majority of receptor cells was inactive. It was located near the nucleus and consisted of stacked disk-shaped membrane sacks with a few small vesicles up to 0.15 µm in diameter. Lipofuscin granules and sparse, mostly free ribosomes were often found in the cytoplasm (Fig. 1b, c) . A characteristic feature of the receptor cells is that they contained numer-ous vacuole-like structures with irregular edges and electron-lucid contents. The size of these structures in different cells ranged from 0.2 to more than 2 µm. Apparently, they were not necessarily derived from the Golgi apparatus but often appeared due to fragmentation and vacuolation of nearby canals of the endoplasmic reticulum (ER). Such vacuoles sometimes adjoined each other and occupied almost all free cytoplasmic space around the nucleus. In some neurons, such vacuoles occurred not only in the cell body but also throughout the dendrite, including the cell apex. However, the vacuoles were not incorporated into the cell membrane but remained in the apical cytoplasm. The olfactory knob in such vacuolated receptor cells usually had a low electron density and lacked structurally complete basal bodies and cilia or microvilli (Fig. 1d ).
It should be noted that some receptor neurons in the olfactory epithelium showed similar degenerative changes but still retained well-defined chemosensory structures in the apical part (Fig. 1e) .
Despite the poor development of intracellular organelles, receptor neurons contained well-defined cytoskeletal components, microtubules in particular. Dense microtubule bundles extended along the dendrite, amid vacuoles and mitochondria, to the olfactory knob (Fig. 1f) . As could be seen in cross sections through the dendrites, there were also single neurofilaments extending in different directions, which occurred throughout the dendrite length (Figs. 1f, 1g ). The cell bodies and dendrites of olfactory neurons contained relatively low numbers of small (0.2-0.3 µm) round or elongated mitochondria with sparse cristae, but without any signs of swelling or degeneration. Confocal microscopy of sections treated with MitoTracker ® Orange, which stains only functionally active mitochondria, provided evidence for a high degree of preservation of these organelles (Figs. 1h, 1i) , which was further confirmed by statistical analysis of the results of these cytochemical experiments (Fig. 4a) .
Cottocomephorus inermis
As in C. baicalensis, the cytoplasm of supporting cells in C. inermis usually had increased electron density and relatively electron-lucid cell bodies, and dendrites of the olfactory neurons clearly stood out against this background (Fig. 2b) . The level of organelle development in sensory cells was also similar to that in C. baicalensis. In the electron-lucid cytoplasmic matrix, an inactive Golgi apparatus and dilated ER canals with signs of vacuolation could be seen (Fig. 2c) . The dendrites contained numerous vacuoles of different diameters (0.1-0.7 µm) with electron-lucid contents. Numerous vesicles of similar diameter and electron density were also detected in supporting cells, mainly those located in the upper layers of the olfactory epithelium (Fig. 2d) . Analysis of sections made in different planes showed that the dendrites of receptor neurons contained well-developed microtubules and mitochondria (Figs. 2e, 2f) . A noteworthy fact is that receptor cells with very large vacuoles occupying a major part of dendrite volume could often be detected amid electron-dense supporting cells in some areas of the olfactory epithelium. Moreover, it should be emphasized that, despite strong vacuolation, mitochondria located in the remaining cytoplasmic regions proved to retain their structure: they had a typical shape and contained sparse cristae and single glycogen granules (Fig. 2g) . The results of confocal microscopy (Figs. 2h, 2i ) and statistical analysis (Fig.  4b) confirmed the high functional stability of mitochondria in large areas of the olfactory epithelium. 
Batrachocottus nikolskii
Unlike those in pelagic sculpins, the receptor cells of the olfactory epithelium in B. nikolskii contained a well-developed Golgi apparatus and abundant ribosomes, both free and bound to ER, which was evidence for a high functional activity of these cells (Fig. 4b) . The canals of the granular ER in both receptor and supporting cells were often fragmented and vacuolated, probably under the effect of acute hypoxia caused by the abrupt change in hydrostatic pressure when the deep-water fish were lifted to the surface. A characteristic feature of cells in the olfactory epithelium of B. nikolskii was that they contained numerous lipofuscin granules. In the receptor neurons, they were usually located both in the cell body and in different dendrite segments. As a rule, these were electron-dense granules of irregular shape with an average size of 0.2-1 µm. Lipofuscin also aggregated into large cytoplasmic bodies comparable in size to the cell nucleus. Analysis of olfactory rosette sections in different planes showed that the total volume of lipofuscin in the organ was significant, with this pigment being equally detected in the cytoplasm of receptor and supporting cells (Figs. 3c, 3d ).
It is noteworthy that mitochondria in cells of B. nikolskii olfactory epithelium were usually vacuolated to different degrees (Figs. 3e, 3f) , which was indicative of their swelling, with a consequent loss of functional activity and eventual degradation. Confocal microscopy of cytochemically stained preparations confirmed that the amount of positively stained (functionally active) mitochondria in the olfactory epithelium was reduced (Figs. 3h, 3i) . Analysis of Z-stack images showed that their numbers in B. nikolskii were 2-fold smaller than in C. baicalensis (p = 0.047) and 1.7-fold smaller than in C. inermis (p=0.119) (Fig. 4) .
Structural disturbances were detected, not only in dendrites and perinuclear cytoplasmic regions of receptor neurons, but also in their axons. The axons of such neurons were usually dilated to different extents and could be easily distinguished from those of other, structurally normal olfactory cells. They were devoid of microfilaments and intact mitochondria, and the electron density of their axoplasm was lower than in the axons of viable neurons (Fig. 3g) . Morphological analysis of cross sections of axon bundles showed that the proportion of degenerating olfactory neurons averaged 5-10%. This proportion apparently included neurons undergoing natural cell death, which is known to occur in the olfactory epithelium throughout the animal life span [16] .
DISCUSSION
Morphological studies on the olfactory rosettes of the three Baikal sculpin species were performed in order to reveal the cytological features characteristic of olfactory cells in the norm and discriminate them from the results of rearrangements caused by depressurization upon delivery to the surface. To this end, we used not only published data but also the criteria for evaluating the structure and functional status of receptor cells that were determined in our previous studies on another Baikal sculpin, Cottocomephorus grewingkii (Dybowski, 1874), at different stages of the life cycle [17, 18] , which appears to be methodologically valid. Thus, cytological features characteristic of the olfactory cells of C. grewingkii, which is not exposed to changes in hydrostatic pressure during the period of living in coastal waters, were taken as control.
The results of comparative morphological analysis showed that the olfactory receptor cells in B. nikolskii have a higher level of ultrastructural development compared to those in the two pelagic species. They contain a well-developed Golgi apparatus, an extensive network of ER canals and abundant ribosomes, both free and ER-bound. A probable explanation is that B. nikolskii, which has adopted a benthic mode of life, is exposed to higher sensory load compared to the pelagic species, because the benthic environ- ment is more saturated with organic substances of different origin. It should be noted that, according to measurements of chemical oxygen demand (COD) by dichromate method [19] , the contents of organic matter in Baikal waters are generally low. Thus, COD in the pelagic zone averages 3-4.5 mg О 2 /L [20] ; however, this parameter markedly increases in the near-bottom water and especially in water from the upper layer of bottom sediments, reaching 8-10 and 20-30 mg О 2 /L, respectively. Moreover, calculations show that the rate of organic matter decomposition in the upper layer of bottom sediments reaches 2.5 g C org /m 2 per year [21] , with this process being a constant source of olfactory signals.
It is noteworthy that both pelagic and benthic species included in the study had signs of destructive changes in cells of the olfactory epithelium, which included fragmentation and vacuolation of rough ER canals and structural disturbances in the axons and dendrites. No such ultrastructural alterations have been revealed in the Baikal sculpins that live in the coastal zone and are not exposed to abrupt changes in hydrostatic pressure [18] . Therefore, it appears that the above changes are the consequence of hypobaric hypoxia developing in deep-water fish upon delivery to the surface.
Another point of interest concerns the degree of preservation of mitochondria, which are especially vulnerable to oxygen deficiency [14] . Our data show that the morphological stability of mitochondria is higher in the pelagic species, C. baicalensis and C. inermis, and the same is true of their functional activity: as can be seen in Fig. 4 , the proportion of mitochondria with an intact level of oxidative phosphorylation in these species is, on average, two-fold higher than in the deep-water benthic B. nikolskii.
Are there special mechanisms in the peripheral olfactory apparatus of the fish that can ensure the safety of cells and their organelles under extreme conditions of acute hypoxia? As noted above, foraging pelagic fish periodically ascend from depth to surface and then descend again, following the movements of their prey. In the course of evolution, such a regime of alternating exposure to high and low hydrostatic pressures could well provide for the development of relevant metabolic adaptations. Therefore, it appears that the good preservation of mitochondria in the olfactory receptor cells of pelagic fish could be due to the protective effect of hypoxic preconditioning, which has been recently revealed in experiments on mammals. It has been shown that animal exposure to interval hypobaric hypoxia leads to the activation of adaptive genetic mechanisms improving the tolerance of the brain to oxygen deficiency [22] . These mechanisms include the activation of early genes responsible for the production of antiapoptotic factors, cytoplasmic and mitochondrial antioxidants, metalloproteases, heat shock proteins and other agents protecting nerve cells from adverse effects under conditions of acute cerebral ischemia. These data concern terrestrial mammals, which have always lived in an atmospheric-pressure environment and could not develop any evolutionary adaptations to hypobaric hypoxia. Therefore, it may well be that fish species adapted to a wide range of hydrostatic pressures have effective mechanisms providing for a high tolerance to oxygen deficiency, and analysis of these mechanisms is of major theoretical and practical importance. In particular, studies on these fish can open an opportunity to identify new neuroprotector molecules improving the resistance of the brain to ischemic damage, which is known to be responsible for the development of many socially significant neurodegenerative disorders [23] .
Another important cytological feature of olfactory neurons in deep-water fish species is that their dendrites contain a well-developed system of microtubules. In our previous studies, cytoskeletal elements in the olfactory receptor cells of coastal sculpins (C. grewingkii) were detected only in the spawning period, when these receptors were tuned to the perception of sex pheromones [17, 18] . Moreover, we found that microtubules in the dendrites of fish chemoreceptor cells formed a distinct structural pattern after the fish were kept for a long time in clear water poor in organic substances [24] . This is evidence that well-organized cytoskeletal structures in the dendrites of receptor cells are essential for the maintenance of cell structural integrity under conditions of deficit in sensory signals.
Thus, the cytoskeleton of olfactory neurons acquires a highly structured pattern not only under high functional load in the spawning period but also in waters with low concentrations of dissolved substances. It also appears that the structural and functional characteristics of receptor neurons in the olfactory epithelium are not common but individual to each of them, because these characteristics depend not only on the initial, genetically determined sensitivity of receptors [25] , but also on the effect of environmental factors on their expression [26, 27] and the potential of these cells for subsequent stimulus-dependent differentiation [28, 29] .
CONCLUSIONS
The structural and functional status of olfactory receptor cells in closely related deep-water sculpin species (Cottoidei) from Lake Baikal is largely determined by the hydrostatic pressure regime (depending on their mode of life) and chemical composition of the water. In pelagic species, the receptor cells are characterized by a low level of organelle development, and their structural integrity is maintained due to a well-organized system of cytoskeletal elements. The reduced functional status of receptor cells can be explained by the low contents of organic substances (potential olfactory stimuli) in the oligotrophic lake. In contrast, the olfactory neurons of benthic sculpins, which live in an environment enriched with various chemical substances, have a well-developed system of cell organelles, including an extensive network of endoplasmic reticulum canals and a high density of ribosomes. The results of cytochemical analysis of the peripheral olfactory apparatus in sculpins sampled from their natural environment provide evidence for a direct correlation between the level of receptor cell development and the overall intensity of olfactory signaling from the environment. Electron microscopic data and quantitative analysis for functionally active mitochondria in the olfactory epithelium of deep-water sculpins show that their exposure to hypobaric hypoxia during delivery to the surface leads to degenerative changes in the olfactory cells. Moreover, the extent of these changes depends on fish mode of life: it is markedly greater in B. nikolskii (a typical Baikal low-mobile benthic fish) than in pelagic C. baicalensis and C. inermis, which are regularly exposed to changes in hydrostatic pressure during vertical foraging migrations. This is evidence that closely related fish species evolutionarily adapted to living under different hydrological conditions have different levels of tolerance to hypoxia. The cytological data obtained in this study are important for understanding basic mechanisms ensuring the reliable functioning of the olfactory apparatus under different environmental conditions. Moreover, they show that hydrobionts adapted to changes in hydrostatic pressure are promising as models for the search of neuroprotective agents that improve the tolerance of nerve cells to hypoxia and other extreme environmental factors.
